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Abstract. By studying the advantages and disadvantages of the conventional automatic linear door 
systems, it was found that flat permanent magnet linear synchronous motors (PMSLM) can satisfy 
high-speed long-stroke heavy-load door systems better than other techniques. In order to reach a long 
lifespan, the authors compared five possible topologies with flat PMLSM, and then designed a kind of 
magnetically suspended door system driven by a single-sided flat PMLSM and suspended by the 
normal force of the motor. The results demonstrate that the prototype door system satisfies the 
requirements. 


Introduction 


Automatic door systems play an increasingly important role in modern civilization. They can be 
widely used in many applications such as railway systems, mass transit systems, elevators, military 
installations, bank installations, and other areas which need security and automation [1,2]. 

Although conventional automatic door systems with short-stroke and light-load are technically 
matured, automatic door systems with long stroke and large load need some essential improvements 
and enhancements. For instance, along with the continuous development and progress of society, 
more and more huge warehouses are needed. The huge warehouses usually require automatic door 
systems with heavy door bodies, high speed running and long-distance movements. Conventional 
automatic door systems driven by rotary motors and synchronous belts have the ability to achieve a 
long distance move with high speed, but cannot carry heavy door bodies well. Automatic door 
systems driven by rotary motors and gear rack mechanisms, or door systems driven by linear motor 
directly, are able to carry heavy door bodies and make long distance movements, but cannot move fast 
enough because the mechanism of the door system causes high wear and small lifespan when moving 
at high speed. Therefore, on account of the huge warehouses’ strong demand on high speed automatic 
door systems with low-wear, long-stroke and large-load, it is very important to explore some methods 
to meet the technical requirements. 

This paper presents a new design to build a high speed automatic door system with low wear, long 
stroke and large load. The second section introduces the conventional types of automatic linear door 
systems, and the third section provides a brief introduce to linear motors and a direct comparison 
between five possible topologies. The fourth section describes the new design in detail, and the latter 
section discusses the results. 


Conventional Automatic Linear Door Systems 


Generally, any automatic linear door systems can be driven directly by linear motors only, or driven 
indirectly by rotary motors and mechanical transmission components such as ball screws, gear rack 
mechanisms, synchronous belts, and so on. 

Indirect-drive Types 

Automatic linear door systems driven indirectly by rotary motors and mechanical components are 
widely applied to many different areas with low price and high cost-effectiveness. The door systems 
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accomplish linear movements by mechanical transmission components which can transmit the rotary 
drive torques to linear mechanical thrusts. So mechanical transmission components generate linear 
movements directly and influence the system performances as an important role. 

The indirect-drive door systems with ball screws can generate very high thrusts. However, they 
cannot get a long stroke or a high speed, and the transmission parts require periodic maintenances and 
replacements. 

Door systems using gear rack mechanisms can realize high speed, long stroke and high thrust, but 
they also need periodic maintenances and replacements because of the high wears caused by high 
speed and heavy load. 

With synchronous belts, door systems (Fig. 1) can move fast (about 0.4~0.8 m/s), but cannot drive 
heavy-load door bodies. And the stroke cannot be too long. This type of door system is put to use in 
many applications especially the elevators, automatic inductive glass doors. 


Fig.1 Elevator Door System with Synchronous Belt [3] 


The above indirect-drive technologies have some disadvantages independently. Obviously, they 
cannot satisfy applications with long stroke, high speed and heavy load well. 
Direct-drive Types 
The direct-drive types drive the door body directly by linear motors (LM). So the mechanical 
transmission components can be eliminated and the system becomes simpler, faster and more stable. 
Flat Linear Motor, 


bè 


U-Shaped Linear Motor i 
Fig.2 Flat LM, U-Shaped LM [4] and Tubular LM [5] 


There are three kinds of LMs that can be used (Fig. 2 and Fig.3). Generally, tubular linear motors 
and U-shaped type linear motors are very suitable for high-speed light-load door systems for their coil 
forcers are usually manufactured without iron cores. Furthermore, tubular linear motors cannot be 
used in the long stroke applications, because the gravity force of the permanent magnetic shafts with 


long axial length will generate “ deflections and make the coils contact the shafts easily. 


Fig.3 Direct-drive Door System with Tubular LM [6] 


Differently, flat linear motors can realize high speed, long stroke and high thrust. So engineers 
usually choose flat linear motors as one of the best choices for the high-speed long-stroke and 
heavy-load door system. 

However, the systems using flat linear motors still generate high wear on the linear guides, 
especially when operating at high speed and heavy load. 


Flat Linear Synchronous Motors 


Basics 

As shown in Fig.4, a single-sided flat iron core permanent magnet linear synchronous motor 
(PMSLM) consists of coils, iron core, permanent magnets and yoke. The mover consisting of the coils 
and the iron cores is attracted vertically by the stator consisting of the magnets and the yokes, and the 
vertical attraction force is named as normal force. Meanwhile, the mover is pushed horizontally by the 
interaction between the magnets and the coils with proper current. Here, the horizontal force is the 
electromagnetic thrust. 
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Fig.4 Basic Structure Fig.5 Conventional Assembling Structure 


The conventional assembling structure for single side flat linear motor is shown in Fig.5. 

The normal force increases the normal pressure on the linear guides. The increased pressure brings 
higher wears to the mechanical system. Hence, we need to find out a better topology to reduce the 
normal force and increase the thrust as much as possible. 

Possible Topologies 

The mounting surface of the wall is usually vertical. Therefore, most door systems need to be fixed 
to a kind of structural base which is mounted on the vertical wall. For long stroke door systems, we 
should fix the stator of the PMSLM to the base, and fix the door body to the mover. By this way, the 
cost of the system can be efficiently cut. The reason is that the cost of the mover is higher than the 
stator at the same length. 

As a consequence, there are five possible topologies that can be considered: 

e Vertical single side flat PMSLM (Fig.6). 

Vertical double side flat iron core PMSLM (Fig.7). 

Horizontal single side flat PMSLM with vertical down normal force (Fig.8). 
Horizontal double side flat PMSLM (Fig.9). 

Horizontal single side flat PMSLM with vertical up normal force (Fig.10). 
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Fig.6 Vertical Single Side Flat PMSLM Fig.7 Vertical Double Side Flat PMSLM 
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Fig.8 Horizontal Single Side Flat PMSLM with Vertical Down Normal Force 
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Fig.9 Horizontal Double Side Flat PMSLM 
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Fig.10 Horizontal Single Side Flat PMSLM with Vertical Up Normal Force 


Vertical single side flat PMSLM and horizontal single side flat PMSLM with vertical down normal 
force can drive the heavy door body with high speed and long stroke. But the vertical-down normal 
forces and the vertical-down gravity force of the door body increase the wear on the linear guides. 

Vertical and horizontal double side flat PMSLM can achieve twice the thrust of the single side 
types and generate very low resultant force by the two normal forces in opposite directions, but has 
larger volume and higher costs. In addition, the complex processes for manufacturing and assembling 
bring additional costs and technical difficulties. 

Horizontal single side flat PMSLM with vertical up normal force can reduce the vertical-down 
gravity force of the door body by the vertical up normal force. This type can get very low wear on the 
linear guides, meanwhile, the processes for manufacturing and assembling are simple, and the cost is 
almost equal to other single side types. 

By comparing the above possible topologies, we can find that the type of horizontal single side flat 
PMSLM with vertical up normal force can satisfy the high speed automatic door system with low 
wear, long stroke and large load better than the others. 

If we try to make the vertical-up normal force equal to the vertical-down gravity force, the door 
body seems suspended magnetically. Based on this point, we can name this type as magnetically 
suspended door system. 


Design of the Door System 


For actual requirements such as high speed, heavy load, long stroke, low wear and so on, we finally 
design the magnetically suspended door system. The system is almost suspended by the vertical-up 
magnetic force generated by the attraction between the primary and the secondary of the flat linear 
motors. 


Requirements 

The requirements from an actual warehouse are shown as Table 1. 

According to the requirements, we can calculate the basic parameters of the motor and the whole 
system. The parameters are shown in Table 2. 

From Table 2, we can find that it’s not too difficult to design and manufacture the linear motor. The 
only difficulty is the working life. In order to satisfy the requirement of working life, we should 
minimize the mechanical wear from the linear guides. That means that we need to minimize the 
normal pressure on the linear guides. 

Table 1 The Requirements from Actual Warehouse 


Items Unit Value 
Stroke m 3.0 
Weight of Door Body Kg 800 
Length of Door Body m 4.1 
Height of Door Body m 2.9 
Maximum Speed m/s 1.6 
Time(Left to Right) second 3.0 
Working Life km | 2.5x104 
Table 2 The Basic Parameters of the Linear Motor 
Items Unit Value 
Acceleration m/s” > 1.6 
Time of Acceleration or 
Deceleration Sou o 
Thrust of the Motor N > 2000 


Design of the General Structure and the Linear Motor 

If we can make the normal force equals the resultant gravity force of moving parts including the 
door body, the mover and the table, the normal pressure on the linear guides becomes zero. Then the 
wear is very low and we can get a very long working life. 

According to the requirements, the basic parameters and the computed normal force, we can design 
the linear motor. For manufacturing process and space saving considerations, we use two movers with 
a number of modular stators. The final parameters of the motor are shown in Table 3. 

Table 3 The Detailed Parameters of the Linear Motor 


Items Unit Value 
Continuous Force N 1220 
Peak Force N 1660 
Continuous Current Arms 13.2 
Peak Current Arms 18.0 
Voltage Constant Vpeakes/m L-L 76.0 
Force Constant N/Arms 93.0 
Normal Force N 4200 
Gap mm 0.8 
Mass of Mover Kg 8.5 
Phase Inductance mH L-L 14.0 
Winding Resistance Q L-L 1.8 
Length of the Mover mm 360 
Width of the Mover mm 110 
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Detailed Design of the System 

The lateral view of the overall structure is shown in Fig. 11, and the front view is shown in Fig. 12. 
The table, the door body, the mover and all the blocks of the linear guides are mounted as one 
movable solid (Fig. 13). Correspondingly, the stationary solid consists of the stator, the base, and the 
two guides of the linear guides. The stationary solid is mounted fixedly to the wall with embedded 
steel plates (Fig. 14). According the parameters in Table 1 and Table 3, the majority weight of the 
movable solid can be suspended by the normal force. Then the mechanical wear can be almost ignored. 
In practical applications, we can calculate the theoretical life span for the linear guides with an 
assumed normal pressure about 20% of the door body’s gravity force. The assumed normal pressure 
considers the influences of system assemble errors, additional moving auxiliary parts’ gravity force, 
and the normal force fluctuation. 
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Fig.11 Lateral View of the Overall Structure Fig.12 Front View of the Overall Structure 


Block of the Linear Guide Mover Cable Carrier Guide of the Linear Guide 
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Fig.13 Partial View of the Movable Parts Fig.14 Partial View of the Stationary Parts 


Because the mover is too short, relative to the door body, in order to improve the stability, we can 
increase the distance between the two movers, and add two assistant tables (Fig. 12). 

The encoder is a magnetic grating ruler typed as MSK5000. And we choose Copley’s driver to 
control and drive the linear motors. 

Part of the assembling process and the overall view of the final prototype machine are described as 
Fig. 15 and Fig. 16. The closer view of the final prototype machine is shown as Fig. 17. 


Fig.15 Part of the Assembling Process _ Fig. 16 The Overall View of the Prototype Machine 


a 


Fig.17 Closer View of the Prototype Machine 


Results 


When the prototype system works, the Copley’s driver records and measures the real-time position, 
velocity and acceleration of the door body. The performance data is shown in Fig.18 

From Fig.18, we can find that the door body can reach a speed of 1.6 m/s, an acceleration of 
1.6m/s’, and a stroke of 3000 mm. 

According to Fig. 18, the prototype system can meet the design requirements. _ 


Fig.18 Performance Curves on Copley’s Driver 


Conclusions 


The door system avoids high wear on the linear guides by the vertical-up magnetic normal force 
which counteracts the vertical-down gravity force of the door body. Meanwhile, the magnetically 
suspended door system can accomplish high speed, long stroke and heavy load without any practical 
difficulties. And the cost of system is not increased. 

Compared with conventional indirect-drive and direct-drive linear door systems, the introduced 
door system shows much more advantages and satisfies the huge warehouses’ requirements best. 


The proposed techniques can be widely used in any high-speed long-stroke heavy-load automatic 
applications, and can bring many advantages for the applications. 
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